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Hepatitis C virus (HCV) nonstructural protein 5B (NS5B) is an RNA-dependent RNA polymerase (RdRp) essential for virus
replication. Several consensus sequence motifs have been identified in NS5B, some of which have been shown to be critical
for its enzymatic activity. A unique -hairpin structure located between amino acids 443 and 454 in the thumb subdomain has
also been shown to play an important role in ensuring terminal initiation of RNA synthesis in vitro. However, the importance
of these sequence and structural elements in viral RNA replication in infected cells has not been established, mainly due to
the lack of a reliable cell culture system for HCV. In this study, we investigated the effect of several single amino acid
substitutions and -hairpin truncations in NS5B on viral RNA replication by using the subgenomic replicon cell culture
system. A strong correlation between in vitro polymerase activity and viral RNA replication was observed with most of the
substitutions. Interestingly, truncations of the -hairpin (by four and eight amino acid residues, respectively), which did not
reduce the in vitro enzymatic activity, completely abolished the ability of the replicon RNA to replicate in Huh-7 cells,
demonstrating its essential role in viral RNA replication. Furthermore, a conservative substitution in motif D, from an arginine
residue (AMTR345), which is conserved among all HCV isolates, to a lysine residue, resulted in significant improvements in
both transient RNA replication and colony formation efficiencies. This result also correlates with a previous observation thatINTRODUCTION
Hepatitis C virus (HCV) is the major cause of non-A,
non-B transfusion-associated hepatitis and accounts for a
significant proportion of hepatitis cases worldwide (Hough-
ton, 1996; Rice, 1996). Although HCV infection resolves in
some cases, the virus establishes chronic infection in up to
80% of the infected individuals and persists for decades.
Recent studies of the natural history of HCV infection indi-
cate that the majority of people with chronic HCV infection
have relatively mild disease with slow progression. How-
ever, an estimated 20% of these infected individuals will go
on to develop cirrhosis and 1 to 5% will develop liver failure
and hepatocellular carcinoma (Saito et al., 1990; Seeff,
1999; World Health Organization, 1996). It is estimated that
chronic HCV infection affects more than 4 million people in
the United States, 8 million in Europe, and 170 million
worldwide. Chronic hepatitis C infection is the leading
cause of chronic liver disease and the leading indication for
liver transplantation in the United States. The Centers for
Disease Control and Prevention estimates that hepatitis C
currently is responsible for approximately 8000 to 10,000
deaths in the United States annually.© 2002 Elsevier Science (USA)
All rights reserved.
298HCV is a positive-sense RNA virus belonging to the
Flaviviridae family (Choo et al., 1989). The life cycle of HCV
consists of several important processes that occur primarily
in the cytoplasm of the host cells. Among these intricate
processes, RNA replication is the centerpiece of the viral
proliferation cycle. While many viral and/or host factors are
suspected to be involved, one certainty is that the virally
encoded polymerase controls the entire replication pro-
cess. The genome of HCV consists of approximately 9600
bases with a single open reading frame (ORF) encoding a
polyprotein of around 3010 amino acids. The ORF is flanked
by 5 and 3 untranslated regions (UTRs) of several hundred
nucleotides, which are important for RNA translation and/or
replication. The polyprotein is cleaved both co- and post-
translationally by the cellular and virally encoded proteases
into at least 10 separate mature viral structural and
nonstructural proteins, from the amino- to the carboxyl-
terminus: C-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B
(Bartenschlager and Lohmann, 2000; Houghton, 1996; Rice,
1996). NS5B is the virally encoded RNA-dependent RNA
polymerase (RdRp) which consists of three typical subdo-
mains: finger, palm, and thumb. Several conserved se-
quence motifs have been proposed in the palm (motifs A, B,
C, D, E) and finger subdomain (motif F) (Ago et al., 1999;the enzymatic activity of NS5B increased by about 50% w
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mann et al., 1997, 1998). The enzymatic activity of NS5B has
been characterized in several studies and a limited muta-
tional analysis was performed which confirmed the require-
ment of several sequence motifs in the palm subdomain for
polymerase activity (Behrens et al., 1996; De Francesco et
al., 1996; Ferrari et al., 1999; Hong et al., 2001; Lohmann et
al., 1997, 1998; Luo et al., 2000; Oh et al., 1999, 2000; Sun et
al., 2000; Zhong et al., 2000a,b). Structural comparison be-
tween HCV NS5B and poliovirus 3Dpol also revealed a
unique structural motif (-hairpin) in the thumb subdomain
of HCV NS5B that consists of 12 amino acids (443LDC-
QIYGACYSI454) (Ago et al., 1999; Bressanelli et al., 1999;
Lesburg et al., 1999). Our previous result suggested that
HCV NS5B may use this -hairpin to ensure terminal initi-
ation of RNA synthesis by correctly positioning the 3 ter-
minus of viral RNA at the active site, as truncation of the
-hairpin resulted in RNA synthesis initiating from internal
positions of the template RNA (Hong et al., 2001). The ability
to initiate RNA synthesis from the 3 terminus of viral RNA
is believed to be critical for retaining all genetic/sequence
information during viral RNA replication directed by an
RdRp that uses a de novo mechanism for initiation.
In the past, molecular analyses of HCV replication
have been hindered by the lack of a robust, reproducible
cell culture system permissive to HCV replication in vitro
and the lack of a manageable small animal model other
than the chimpanzee. Despite the success in obtaining
infectious HCV cDNA clones that replicate in chimpan-
zee (Beard et al., 1999; Hong et al., 1999; Kolykhalov et
al., 1997; Yanagi et al., 1997, 1998), efforts to establish a
tissue culture replication system have proven to be
rather problematic. This situation has been alleviated
recently with the development of the HCV subgenomic
replicon system (genotype 1b) in human hepatoma cell
line human hepatoma cell line (Huh-7) (Blight et al., 2000;
Krieger et al., 2001; Lohmann et al., 1999, 2001; Piet-
schmann et al., 2001). In this system, the HCV structural
genes (C, E1, and E2) were replaced with a selection
marker, the neomycin phosphotransferase gene, and the
translation of nonstructural genes was driven by the
IRES element from encephalomyocarditis virus (EMCV).
When the subgenomic replicon RNA was transfected into
Huh-7 cells, colonies resistant to G418 selection were
generated, though at very low frequency. Some of the
neomycin-resistant cell lines carried the self-replicating
HCV RNAs as high as several thousand copies per cell
(Lohmann et al., 1999). More recently, adapted mutations
that significantly improved the transduction efficiency of
the original replicon have been identified (Blight et al.,
2000; Lohmann et al., 2001; Pietschmann et al., 2001).
The exact mechanism by which these cell culture adap-
tations occur is not clear. Nonetheless, establishment of
a reliable cell-based replication system makes the ge-
netic and functional analyses of HCV replication feasible.
In this study, we engineered a number of single residue
substitutions and -hairpin truncations in HCV NS5B and
analyzed their effects on in vitro polymerase activity and
viral RNA replication in the replicon cell culture system. A
strong correlation between enzymatic activity and replicon
RNA replication was observed with most of the mutations.
Interestingly, truncations of the -hairpin completely abol-
ished the ability of the replicon RNA to replicate in the
transfected cells, despite the fact that the enzymatic activity
of the truncated NS5Bwas clearly enhanced in both primer-
dependent and de novo initiation assays. Additionally, a
conservative substitution in motif D (AMTR345), from an
arginine residue (R), which is conserved in all HCV isolates,
to a lysine residue (K) that is present at this position in all
other RdRps and RTs, significantly improved the replication
efficiency of the replicon RNA. Therefore, conservation of
the less optimal or inhibitory arginine residue in NS5B for
reducing viral RNA replication may have potential implica-
tions in HCV propagation and establishment of persistent
infection in vivo.
RESULTS
Engineering of single amino acid substitutions and
-hairpin truncations in NS5B
Amino acid sequence alignments between HCV NS5B
and other flavivirus RdRps have revealed six conserved
sequence motifs (A, B, C, D, E, and F) characteristic of all
RdRps (Behrens et al., 1996; De Francesco et al., 1996;
Ferrari et al., 1999; Lesburg et al., 1999; Lohmann et al.,
1997, 1998). Motif A is involved in magnesium coordina-
tion and possibly ribonucleotide selection. Motif B has
also been implicated in ribonucleotide selection. Motif C
is the catalytic motif that coordinates magnesium binding
and catalyzes the nucleotidyl transfer reaction. The exact
function of motif D is not clear. Only one position, a
positively charged residue, seemed to be maintained
among all RdRps. This position is a lysine in all reverse
transcriptases (RTs) and nearly all RdRps. However, an
arginine residue is found at this position in all HCV
isolates. Motif E is located at the junction between palm
and thumb subdomains and is unique to RdRps and RTs.
This motif has been proposed to interact with the primer
strand and has been referred to as the “primer grip.”
Motif F is a newly identified motif in the finger subdomain
containing several positively charged residues (Lesburg
et al., 1999). It is predicted to be involved in interaction(s)
with RNA template, primer, or NTP. In addition, three-
dimensional structure of HCV NS5B also revealed a
unique -hairpin structure in the thumb subdomain (Ago
et al., 1999; Bressanelli et al., 1999; Lesburg et al., 1999).
This -hairpin is absent in poliovirus 3Dpol RdRp and HIV
RT. Our previous study showed that this -hairpin may
play an important role in ensuring initiation of RNA syn-
thesis from the 3 terminus of the template RNA, a func-
tion that correlates closely with the de novo initiation of
RNA replication by HCV NS5B (Hong et al., 2001).
We focused our study on a number of residues in the
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conserved sequence motifs and the unique -hairpin
structure to analyze their requirements for in vitro poly-
merase activity and for viral RNA replication in the sub-
genomic replicon system (Huh-7 cells) (Blight et al., 2000;
Lohmann et al., 1999). The goal of the study was to
determine the correlation between NS5B enzymatic ac-
tivity and replicon RNA replication in the cells. To this
end, the following single amino acid substitutions and
small truncations were introduced into NS5B (Fig. 1A): (i)
Motif F: lysine at position 155 to alanine (K155A); and
arginine at 168 to alanine (R168A). The function of these
two positively charged residues has not been defined,
but likely involves an interaction with RNA template,
primer, and/or NTP (Lesburg et al., 1999). (ii) Motif A:
aspartate at 225 to asparagine (D225N). This aspartate
residue is believed to play a role in selection of ribose
sugars, likely by forming a hydrogen–bond interaction
with the 2 hydroxyl group of the ribose. (iii) Motif D: the
conserved arginine at 345 to lysine (R345K). This substi-
tution has been shown previously to enhance polymer-
ase activity by about 50% in an in vitro enzymatic assay
(Lohmann et al., 1997). (iv) Arginine at 386 in the thumb
subdomain to glutamine (R386Q). A preliminary study sug-
gested that this arginine may be involved in stabilizing
the interaction between the initiation nucleotide/dinucle-
otide and the template RNA (Hong et al., 2001). (v) -hair-
pin: two small truncations, four and eight amino acids,
respectively (-4 and -8), were introduced to shorten
the length of the -hairpin. The truncations were de-
signed such that an equal number of residues were
deleted from each strand of the hairpin to maintain the
polarity of the -hairpin.
The mutations were introduced into the NS5B gene of
the HCV subgenomic replicon construct (pNK5.1) (Krieger et
al., 2001). The modified NS5B genes with a 21 amino acid
deletion at the carboxyl-terminus were then cloned into a
bacterial expression vector and expressed in bacteria. The
proteins were purified as described previously (Fig. 1B) and
subjected to in vitro polymerase assays.
Primer-dependent elongation and de novo initiation
activity of the mutant NS5B proteins
Two assay formats were used to determine the poly-
merase activity of the various NS5B mutants in compar-
ison to that of the wild-type NS5B. The first assay used
FIG. 1. Purification of HCV NS5B proteins containing single residue substitutions and -hairpin truncations. (A) Schematic diagram showing the
conserved sequence motifs and -hairpin in HCV NS5B. Individual substitutions and -hairpin truncations are indicated. (B) Purification of NS5B
proteins. Recombinant NS5B proteins containing the required modifications were expressed in E. coli with a C-terminal 21 amino acid deletion and
were purified to homogeneity as previously reported (Ferrari et al., 1999; Lesburg et al., 1999). About 2 g of each protein was analyzed on an
SDS–PAGE gel. The slight difference in gel mobility may reflect the combined effect of amino acid changes in the NS5B protein and the amounts of
protein loaded.
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poly(A) RNA as template and oligo(dT) as primer to mea-
sure the primer-dependent polymerization activity. Under
these assay conditions, NS5B activity requires the pres-
ence of both poly(A) RNA and oligo(dT) primer (data not
shown), which indicates a lack of significant nontem-
plated nucleotide addition. The second assay deter-
mined the de novo initiation activity of the polymerase by
measuring the formation of dinucleotide product from a
single initiation nucleotide. In this case, NS5B used a
synthetic RNA (5 AAAAAAAAGC 3) as template to direct
initiation of RNA synthesis from GTP (the initiating nu-
cleotide) and CTP (the elongating nucleotide) and forma-
tion of the radiolabeled dinucleotide product (pppG33pC).
As shown in Fig. 2, R168A and D225N substitutions com-
pletely abolished both primer-dependent and de novo
initiation activity (Fig. 2A, lanes 4/5 and 6/7; Fig. 2B, lanes
4 and 5). K155A substitution drastically reduced both ac-
tivities (Fig. 2A, lanes 2/3; Fig. 2B, lane 3). Interestingly,
R386Q substitution completely removed the de novo initi-
ation activity (Fig. 2B, lane 7), but still retained low levels
of the primer-dependent elongation activity (Fig. 2A, lane
10/11). This result is in line with the proposed function
that R386 may play a role in stabilizing the interaction
between the initiation NTP and the template RNA (Hong
et al., 2001), an interaction essential for de novo initiation
of RNA synthesis. In contrast, the -hairpin truncations
did not abolish either polymerase activity. Instead, a
significant enhancement of these activities over that of
the wild-type protein was observed with -4 and -8,
with -8 having the highest activity (Fig. 2A, lanes
12/13, 14/15; Fig. 2B, lanes 8 and 9). Finally, the conser-
vative substitution (R345K) in motif D also increased the
RdRp activity by 20–50% over that of the wild-type NS5B
in these assays (compare lanes 8 vs 1 in Fig. 2A, lanes
6 vs 2 in Fig. 2B). This observation is in agreement with
a previous report that a 50% enhancement of RdRp
activity was observed by the same substitution in vitro
(Lohmann et al., 1997).
In addition to enhancing polymerase activity, -hairpin
truncations were also found to increase, in proportion to
the length of the truncation, the ability of the polymerase
to use pre-annealed, stable duplex RNA as template and
to initiate RNA synthesis from internal positions of the
template RNA as reported previously (Hong et al., 2001).
As shown in Fig. 3A, the ability of NS5B to use an
end-labeled duplex RNA (P) as template to direct single
nucleotide incorporation (product: P  1) increased pro-
portionally to the extent of the truncation (-8 -4
wild-type) (Fig. 3A, lanes 2–4). This result suggested that
the presence of the -hairpin may interfere with the
docking of double-stranded RNA template onto the ac-
tive site. Furthermore, upon truncation of the -hairpin,
NS5B became capable of initiating RNA synthesis from
the internal position of a template RNA. Figure 3B shows
the initiation assay in which a radiolabeled dinucleotide
primer (33pGpG) was used to prime initiation of RNA
synthesis (Hong et al., 2001; Zhong et al., 2000a). Unlike
the wild-type NS5B that only initiated RNA synthesis from
the 3 terminal dicytidylates (CC) of the template (lanes 1
vs 2), the -hairpin truncation mutants were able to
initiate RNA synthesis from both terminal and internal CC
positions (lanes 3–6). This internal initiation activity was
also in proportion to the extent of the truncation (-8 
-4  wild-type) (compare lanes 2, 4, and 6). Collec-
tively, these results suggest that the unique -hairpin
plays multiple roles in regulating viral polymerase activ-
ity. It is not clear, however, which of these potential
functions is crucial for viral RNA replication in the in-
fected cells.
Replication of HCV subgenomic replicon RNA
carrying NS5B mutations in Huh-7 cells
After determination of the in vitro enzymatic activity,
the NS5B mutations were engineered into the HCV sub-
genomic replicon clone pNK5.1 (an adapted version of
the original replicon clone, pFK-I389neo/NS3–3/wt)
(Blight et al., 2000; Krieger et al., 2001; Lohmann et al.,
1999) through site-directed mutagenesis. The modified
FIG. 2. Primer-dependent and de novo initiation activities of the modi-
fied NS5B proteins. (A) Primer-dependent polymerization assay. Poly(A)
and oligo(dT) were used as the template and primer to direct incorporation
of [-33P]UTP. Two independent preparations of each protein construct
were tested along with the wild-type NS5B (lane 1). Reaction products
were resolved on a 15% PAGE/6 M urea/TBE gel and analyzed by autora-
diography. (B) De novo initiation assay. A synthetic RNA template (5
AAAAAAAAGC 3) was used in the presence of 100 M GTP and
[-33P]CTP for synthesis of dinucleotide product (pppG33pC). Reaction
products were separated on a 25% PAGE/6 M urea/TBE gel. The more
active protein preparation for each construct (A) was used for the initiation
assay. The corresponding polymerases were indicated on the top. Lane 1
is the reaction with no enzyme added.
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replicon RNAs were transfected into Huh-7 cells by elec-
troporation along with the wild-type RNA and a replica-
tion-defective construct in which the catalytic motif C
(GDD) was removed. To determine whether those mod-
ified replicons were capable of replicating in Huh-7 cells,
total RNA was extracted at different time intervals (days
2, 3, and 4) from the transfected cells and the level of
HCV RNA was quantified by using a real-time quantita-
tive PCR method. Figure 4 shows the result of the tran-
sient replication assay, in which the levels of replicon
RNA were normalized as fold increase over that of the
GDD deletion mutant (GDD). Replicon RNA carrying
substitutions K155A (motif F), R168A (motif F), D225N (motif
A), R386Q (thumb), and -hairpin truncations failed to
show a steady increase in HCV RNA signal over time. In
fact, a decline in viral RNA signal was observed in most
of these cases, likely due to the gradual degradation of
the initial input RNA. This observation indicated that
replicon RNAs carrying these mutations did not replicate
effectively or replicated at much lower levels than that of
the wild-type replicon (NK5.1). Interestingly, replicon RNA
containing the conservative R345K substitution in motif D
replicated very efficiently. This modified RNA reproduc-
ibly replicated to levels several folds higher than that of
the wild-type NK5.1, demonstrating that this substitution
can significantly improve the replication efficiency of the
HCV replicon.
The difference in replication capability of the NS5B-
modified replicon RNAs was further confirmed by com-
paring their colony formation efficiencies. In this case,
transfected Huh-7 cells were under G418 selection for
about two weeks after which drug-resistant colonies
were visualized by staining. As shown in Fig. 5, unlike the
FIG. 3. Use of duplex RNA template and internal initiation of RNA synthesis by -4 and -8. (A) A pre-annealed, end-labeled double-stranded
synthetic RNA was used as template by wild-type NS5B (lane 2), -4 (lane 3), and -8 (lane 4) to catalyze single nucleotide (AMP) incorporation
(Hong et al., 2001; Zhong et al., 2000a). The bands representing the input template (P: 10-mer) and the elongated product (P 1: 11-mer) are indicated.
In lane 1, the reaction contained no enzyme. About 5 M of the labeled duplex RNA, 100 M ATP, and 1 g of each NS5B protein were used under
the standard reaction conditions. Reaction products were resolved on a 20% PAGE/6 M urea/TBE gel and subjected to autoradiography. (B) Internal
initiation assay. Two synthetic RNA templates (Ter and Int) with dicytidylate (CC) sequence either at the 3 terminus (Ter) or an internal position (Int)
were used as template along with the 33pGpG dinucleotide primer (Zhong et al., 2000a). Single nucleotide (CMP) incorporation was detected. The
bands representing the labeled primer (P) and the elongated product (P  1) are indicated. Lane 7 is the control reaction containing WT enzyme but
no RNA template. About 5 M of template RNA, 10 M of dinucleotide primer, 100 M CTP, and 1 g of NS5B protein were used in each reaction.
Reaction products were resolved on a 25% PAGE/6 M urea/TBE gel. The band present in all lanes (above P  1) was a contaminant produced during
the synthesis of dinucleotide. The difference in total radioactivity among the lanes may be attributed to variations during ethanol precipitation of the
short RNA products.
FIG. 4. Transient replication assay of HCV subgenomic replicon
containing NS5B modifications. Wild-type (NK5.1) (Krieger et al., 2001)
and various replicon RNAs were transcribed in vitro by using bacterio-
phage T7 RNA polymerase. The transcripts were electroporated into
Huh-7 cells and total cellular RNAs were extracted at different intervals
(days 1, 2, and 3) after the transfection. HCV replicon RNA was analyzed
by real-time quantitative RT-PCR (Perkin–Elmer) and normalized to a
cellular mRNA (GAPDH). The signals represent fold increases of each
replicon RNA over that of a replication-incompetent replicon in which
the catalytic motif C (GDD) in NS5B was deleted (GDD).
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wild-type NK5.1 that produced numerous drug-resistant
colonies, the modified replicon RNAs, with the exception
of that with the R345K substitution in motif D, produced no
colonies. Replicon RNA with this conservative substitu-
tion produced colonies several folds (4) more than that
of NK5.1. These data indicated that the majority of the
amino acid substitutions (K155A, R168A, D225N, and R386Q)
rendered the replicon RNA incapable of replicating, or
unable to replicate to significantly high levels to protect
the cells from G418-mediated killing, due to their detri-
mental effects on the polymerase activity. On the other
hand, the R345K substitution, while slightly increasing the
enzymatic activity of NS5B, significantly improved the
replication efficiency of the replicon RNA both in the
transient replication assay and in the colony formation
assay.
Interestingly, replicon RNA carrying the -hairpin trun-
cations was incapable of producing drug-resistant colo-
nies despite repeated efforts. As shown in Fig. 2, NS5B
proteins with such truncations possessed significant
higher enzymatic activity than the wild-type protein. The
replication assay clearly demonstrated that the -hairpin
plays an essential role(s) in viral RNA replication in the
cell culture system but is not necessary for NS5B enzy-
matic activity in vitro.
DISCUSSION
Virally encoded polymerases play a central role in the
replication of viral genomes. In HCV, NS5B protein has
been shown to possess the RdRp activity in both primer-
dependent and primer-independent (de novo) fashions
(Behrens et al., 1996; De Francesco et al., 1996; Ferrari et
al., 1999; Hong et al., 2001; Lohmann et al., 1997, 1998;
Luo et al., 2000; Oh et al., 1999, 2000; Sun et al., 2000;
Zhong et al., 2000a,b). HCV NS5B contains six conserved
sequence motifs characteristic of all RdRps. Crystal
structural comparison between HCV NS5B and poliovi-
rus 3Dpol and HIV RT also revealed a unique structural
element, the -hairpin, which exists only in HCV NS5B.
Our previous enzymatic studies have suggested that this
-hairpin may play an important role in de novo initiation
FIG. 5. Colony formation assay of the modified replicon RNAs. Huh-7 cells were transfected with individual replicon RNA as indicated. The cells
were selected in the presence of G418 at 500 g per ml for about two weeks after which the colonies were stained by Coomassie brilliant blue. GDD
is a replication-incompetent replicon that contains a deletion in motif C of NS5B.
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of RNA replication. Presence of the -hairpin in NS5B
may ensure initiation of RNA synthesis from the 3 ter-
minus of the template RNA by properly positioning the
terminus to the active site, a function thought to be
critical for RdRps that use a de novo mechanism for
initiation of RNA synthesis (Hong et al., 2001).
A limited mutational analysis has been performed on
several of the sequence motifs (motifs A to D) in HCV
NS5B and has confirmed their functional importance for
the polymerase activity (Lohmann et al., 1997). However,
the correlation between in vitro NS5B enzymatic activity
and viral RNA replication in cell culture has not been
analyzed due to the lack of a reliable cell culture system
for HCV. In addition, our knowledge about the additional
sequence or structural elements in HCV NS5B (e.g., motif
F and -hairpin) is still lacking. With the establishment of
the HCV subgenomic replicon system, it has now be-
come feasible to address some of these issues. In this
study, we focused our efforts on a number of key resi-
dues in the conserved motifs that include motif F (K155,
R168), motif A (D225), motif D (R345), a conserved arginine
residue (R386) in the thumb subdomain, and the -hairpin.
Our results clearly demonstrated that substitutions of
most of these residues (K155A, R168A, D225N, R386Q) are
detrimental to both in vitro polymerase activity and rep-
licon RNA replication in Huh-7 cells, confirming the es-
sential functions of these motifs or residues.
In agreement with our previous article (Hong et al.,
2001), no reduction in polymerase activity was observed
when the -hairpin was shortened by four or eight amino
acid residues. Instead, a significant enhancement in
both primer-dependent and de novo initiation activity
was observed. However, when these truncations were
introduced into the replicon RNA, it completely lost the
ability to replicate in Huh-7 cells. This result indicates
that the -hairpin is essential for viral RNA replication in
the cell culture but is not required for the enzymatic
activity of NS5B. We did however notice certain changes
in the enzymatic properties of NS5B as the result of the
truncations, in particular, the increased efficiency in uti-
lizing stable duplex RNA as template and in initiating
RNA synthesis from the internal positions of the template
RNA (Hong et al., 2001). These subtle changes could
likely be responsible for the incompetent replication phe-
notype. It is conceivable that initiation from internal
rather than terminal positions of the viral RNA template
would result in production of defective RNA molecules
that could interfere with the replication process. Alterna-
tively, the -hairpin may play additional roles in viral RNA
replication, such as involvement in modulating the con-
formational changes of the polymerase protein during
various steps of the replication process, or affecting the
interaction between NS5B and other viral or host pro-
teins that are part of the viral replicase complex. How-
ever, these possibilities cannot be addressed without
detailed three-dimensional structural information or an in
vitro system in which active replicase complex can be
reconstituted from individual component proteins.
Another interesting observation involves the arginine
residue in motif D, which when changed to a conserva-
tive lysine residue (R345K) showed drastic improvements
in both transient RNA replication and colony formation
efficiencies over the wild-type replicon. This conserva-
tive change was shown previously (also as shown in Fig.
3) (Lohmann et al., 1997) to increase NS5B RdRp activity
by 50% in vitro. This arginine residue is conserved in
NS5B of all HCV isolates; however, an invariant lysine
residue was found at this position in all RTs and RdRps
(except that of HCV). As inferred from the three-dimen-
sional structure of HIV RT, this lysine, together with the
highly conserved carboxylates of motifs A and C, is
directly involved in catalysis (Joyce and Steitz, 1995). We
cannot explain why an arginine residue, which reduced
both NS5B enzymatic activity in vitro and viral RNA rep-
lication efficiency in Huh-7 cells, is present at this posi-
tion in all HCV isolates. Nonetheless, the finding is con-
sistent with the low replication levels of HCV in vivo. The
low replication levels may be necessary for the virus to
evade the host immune surveillance and establish per-
sistent infection in the infected humans. As a known fact,
HCV establishes chronic infections in a majority (80%)
of infected individuals. However, it should be noted that
the replicon system used in this study is not an authentic
HCV cell culture system and only part of the viral repli-
cation cycle (i.e., RNA synthesis) can be studied. There-
fore, this observation needs further confirmation with
more authentic HCV replication culture systems, while its
potential implication in the establishment of chronic/
persistent viral infection may be addressed in suitable
animal models in vivo.
MATERIALS AND METHODS
Cells
The Huh-7 was obtained from Ralf Bartenschlager
(Mainz, Germany) and was identical to that described
previously (Lohmann et al., 1999). These cells were rou-
tinely grown in DMEM media (Gibco/BRL) supplemented
with 10% FBS, 2 mM L-glutamine, nonessential amino
acids, 100 U per ml of penicillin, and 100 g/ml of
streptomycin. Growth of HCV replicon-containing cells
required addition of G418 to a final concentration of 500
g per ml of the medium (Gibco/BRL). Cells were main-
tained in a subconfluent state to ensure optimal cell
growth and hence efficient replicon replication.
Plasmids
DNA plasmid pNK5.1 (Krieger et al., 2001) was used as
the parental HCV replicon construct and is a derivative of
the original pFK-I389neo/NS3–3/wt clone described pre-
viously (Krieger et al., 2001; Lohmann et al., 1999). NS5B
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mutants were constructed within the pNK5.1 background
by site-directed mutagenesis using the QuikChange kit
(Stratagene, La Jolla, CA). The following mutations in
NS5B were constructed: K155A (aag to gcg), R168A (cgt to
gct), D225N (gac to aac), R345K (aga to aaa), and R386Q (cgt
to caa). The -hairpin truncation mutants -4 and -8
were designed and constructed as previously described
(Hong et al., 2001). Sequence of all mutant NS5B con-
structs was confirmed by a combination of Big Dye (ABI)
PCR thermocycling and automated DNA sequencing
(ABI377; Perkin–Elmer, Foster City, CA). Plasmid pET21b
(Novagen, Madison, WI) was used to express NS5B
proteins.
NS5B protein purification
NS5B polymerase protein was purified as described
previously (Ferrari et al., 1999; Lesburg et al., 1999). All
NS5B proteins were expressed with a 21 amino acid
C-terminal truncation to enhance overall solubility. A C-
terminal polyhistidine tag was also added to create fu-
sion proteins for Ni-NTA column purification. Briefly, ex-
pression of NS5B proteins was achieved by transforma-
tion of pET21b-NS5B into the bacterial Escherichia coli
host BL21 (DE3). Successful transformants were grown
in Terrific broth (Gibco/BRL) and were induced by the
addition of 0.5 mM isopropyl--thiogalactopyranoside
(IPTG) for 4 h at 24°C. Cells were pelleted, resuspended
in buffer (50 mM HEPES, pH 8, 0.6 M NaCl, 20% glycerol,
and 0.1% octyl--glycoside), blended, and then microflu-
idized at 7500 psi for three cycles. Cell lysates were
ultracentrifuged at 100,000 g for 1 h using a Type Ti 45
rotor and then the supernatant was passed through a
0.22-m filter. Further purification was achieved by chro-
matography first using a chelating Sepharose Fast Flow
column charged with nickel and then an SP Sepharose
Fast Flow column. Proteins eluted from the SP column
were applied to an Amicon Centriprep spin column to
give a final concentration of approximately 10 mg/ml.
Concentrated NS5B proteins were run on 10% SDS–
PAGE gels for a visual assessment and were estimated
to be over 90% pure.
In vitro enzymatic assays
NS5B RdRp activity was assessed by two different
assay formats. (i) Primer-dependent elongation assay. In
this assay, homopolymeric poly(A) RNA was used as
template and oligo(dT)12 as primer to measure NS5B-
directed [-33P]UTP incorporation. Each reaction con-
tains 50 mM HEPES, pH 7.3, 10 mM -mercaptoethanol,
5 mM MgCl2, 10 M UTP/10 Ci [-
33P]UTP, 200 ng
poly(A)/25 ng oligo(dT)12, and 300 ng NS5B. The reaction
was carried out at 30°C for 30 min, followed by phenol/
chloroform extraction and ethanol precipitation. The la-
beled reaction products were resolved in a 15% PAGE/6
M urea/TBE gel and subjected to phosphorimaging. (ii)
De novo initiation assay. In this assay, a synthetic oligo-
ribonucleotide (5 AAAAAAAAGC 3) was used as tem-
plate to direct initiation of de novo RNA synthesis from
GTP to form the radiolabeled pppGpC dinucleotide prod-
uct. Each reaction contained 50 mM HEPES, pH 7.3, 10
mM -mecaptoethanol, 5 mM MgCl2, 100 M GTP, 100
M CTP/10 Ci [-33P]CTP, 5–10 M RNA template, and
300–500 ng NS5B protein. The reaction was carried out
at 30°C for 30 min after which the products were re-
solved on a 25% PAGE/6 M urea/TBE gel. Products were
detected by autoradiography. Other RNA templates and
primers were also used in the RdRp assays as indicated
in Fig. 3.
In vitro RNA transcription, electroporation, and
selection of G418-resistant Huh-7 cells
HCV replicon plasmids were sequentially digested
with AseI and ScaI restriction enzymes, extracted with
phenol/chloroform, and then precipitated with isopropa-
nol. Two and a half micrograms of linearized DNA was
transcribed into RNA using the T7-MEGAscript kit from
Ambion (Austin, TX) according to the manufacturer’s in-
structions. Transcribed RNA was DNase I digested for 45
min at 37°C, extracted with phenol/chloroform, and pre-
cipitated with isopropanol. Yield of the transcript RNAs
was determined by measurement of the optical density
at 260 nm. Integrity of the RNA was checked by agarose
gel electrophoresis. Subconfluent parental Huh-7 cells
were prepared for electroporation by methods described
previously (Krieger et al., 2001; Lohmann et al., 1999).
Briefly, 4 million Huh-7 cells were mixed with 0.5–1 g
replicon RNA and 9 g carrier RNA (total yeast RNA) and
electroporated on a Bio-Rad Gene Pulser II at 270 V, 960
F, at maximum resistance, in a cuvette with a 0.4-cm
gap. Electroporated cells were plated in DMEM growth
medium and, if drug selection was required, changed to
medium containing 500 g per ml of G418 24 h after
initial plating. Medium for selecting cells was changed
twice weekly. Drug-resistant colonies were fixed and
then stained with Coomassie brilliant blue approximately
2 weeks postelectroporation.
Transient replication assay and quantitative PCR
analysis
HCV replicon RNA was electroporated into parental
Huh-7 cells and maintained in DMEM growth medium in
the absence of G418. Cells were harvested at different
intervals (days 2, 3, and 4) after electroporation and total
cellular RNA was extracted using the RNeasy kit (Qiagen,
Valencia, CA) according to the manufacturer’s instruction.
RNAs were quantitated by spectrophotometry (A260nm) and
then 50 ng were used in quantitative RT-PCR reactions
(Taqman One Step Master Mix, Applied Biosystems) with
probes and primers specific for HCV 5UTR and GAPDH
mRNA as listed as follows: GAPDH probe: 5-VIC-accag-
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gcgcccaatacgaccaa-TAMRA-3; GAPDH PCR primers:
5-tgaaggtcggagtcaacgg-3 forward; 5-cagagttaaaagcagc-
cctggt-3 reverse; HCV 5UTR probe: 5-FAM-tgccccgggag-
gtctcgtagacc-TAMRA-3; HCV PCR primers: 5-agtagtgtt-
gggtcgcgaaag-3 forward; 5-tgaggtttaggattcgtgctcat-3 re-
verse. Cycle threshold (CT) values for amplified RT/PCR
products were obtained using the ABI 7700 Sequence De-
tector.
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